Abstract: Nondigestible oligosaccharides may increase mineral absorption by changing the intestinal environment. The effect of feeding a diet containing 5% resistant starch, RS2 (uncooked native) or RS3, (cooked and retrograded) on calcium absorption and bone mineral status was studied in growing male rats for 4 weeks. Almost 100g more feed was consumed with resistant starch compared to control in four weeks. Mineral status improved as determined by femur concentration, but not through absorption. Mineral content of femurs increased 12, 10 and 9% for Ca, Mg and Zn respectively, while Fe decreased 23% after feeding RS3, but not RS2, compared with the control group. There was no increase in the percent retention for any of the tested minerals.
INTRODUCTION
Carbohydrates, the major source of energy in the human diet, are primarily consumed as sugars, starch, and fiber. The ability to digest starch is intermediate between sugars and fiber. A portion of the starch plus its degradation products resist digestion in the stomach and reach the large bowel unabsorbed [1] . The amount of starch that resists digestion depends on the type of starch. According to Englyst et al. [2] , based on in vitro digestibility, resistant starches are classified as follows: RS1, the physically inaccessible type packed in grains and seeds and low amylose cornstarch; RS2, the uncooked native starch granules such as those found in raw potato or green banana and uncooked high amylose cornstarch; and RS3, the cooked and subsequently cooled retrograded starch found in bread, cooked and cooled potato, cereals, and retrograded high amylose cornstarch. A fourth type, RS4, is chemically modified starch. After escaping absorption in the upper portion of the small intestine, resistant starches are extensively fermented by microflora in the large intestine to short chain fatty acids such as butyrate and propionate [3] [4] [5] . These organic acids lower the pH of the lumen which has the potential to increase solubility and thus absorption of minerals in the large intestine [5] [6] [7] [8] .
Mixed effects have been reported for resistant starches on mineral absorption. Younes et al. observed a significant increase in apparent calcium absorption by feeding 15% [9] or 35% [10] raw potato starch (RS2) by weight with 0.75% dietary calcium to rats. Schulz et al. [11] reported increases in apparent absorption of both calcium and magnesium when rats were fed raw native RS2, but not the retrograded resistant starch (RS3 potato and high amylose starch, were compared at the same level and fed to rats for 7 days [12] , no differences were found in calcium and magnesium absorption. Cecal concentrations of calcium, potassium, and phosphate, but not of magnesium, were significantly increased in rats fed either 25% or 50% amylose-rich starch, 10% lactulose or 10% pectin compared to the control [13] . The cecal pool of all these minerals was increased in a dose-dependent manner with the 25% and 50% amylose.
All of the studies cited above used high levels of resistant starch (15 to 50%) and some [9, 10] used higher levels of dietary calcium (up to 0.75%). The calcium requirement for rats is 0.5%. It is likely that any effect of calcium-absorption enhancers would be dampened above this level. The present study was designed to investigate the effect of two resistant starches, high amylose resistant cornstarch containing 60% resistant starch (RS2) and a high amylomaize retrograded resistant cornstarch containing 55% resistant starch (RS3), at 5% by weight on calcium absorption, mineral balance and bone mineral concentration in rats fed a 0.5% calcium diet.
METHODS AND MATERIALS

Animals
Ninety, five-week old (150-165 g), male SpragueDawley (Harlan, Indianapolis, IN, USA) rats were adapted to the AIN 93G diet for one week before assigning to their respective experimental diets. They were housed individually in stainless steel hanging cages with ad libitum access to deionized water and food. Day and night cycles were reversed. All procedures were approved by the animal care committee at Purdue University (West Lafayette, IN).
Experimental Procedures
After adaptation, rats were assigned to one of three treatment groups (n= 30/ group); Group 1) control, Group 2) RS2 and Group 3) RS3. Rats in group 1 were given the nutritionally adequate AIN 93G diet ( Table 1) . Groups 2 and 3 were also given AIN 93G diet except for that 5% of the cornstarch was replaced with resistant starch (RS2, National Starch Chemicals Food Proc, Bridgewater, NJ, or RS3, prepared according to US Patent 6,013,299 and supplied by Kraft Foods, Glenview, IL) such that 5% of the diet was resistant starch. They were fed the diets ad libitum for four weeks ( Table 1) . Each dietary group was equally divided into 2 subgroups for oral vs. intraperitoneal (IP) administration of 45 Ca. Four days before the termination of the study, all rats were fasted for 2 hours. The oral group was given the test meal (25 mg calcium as calcium acetate in double deionized water plus 10 Ci 45 Ca in gavage solution) without starch to determine enhanced calcium absorption capacity of the rats after starch consumption. The IP group was given the calcium acetate by gavage and the 10 Ci 45 Ca in 0.5ml saline was given as an intraperitoneal injection. Food was returned 2 hours after dosing.
Sample Collection and Analyses
Thirteen rats from each oral group were put in metabolic cages for four days to collect 24-hour urine and feces in 24-h pools at the end of the 4 week intervention. Food spillage and food consumption were carefully monitored for determination of apparent absorption and retention. After four days, body weights of all the rats were taken and they were sacrificed. Both femurs were extracted, weighed and their length measured. Left femurs, urine and feces were analyzed for 45 Ca radioactivity by -Scintillation counting and for total calcium by ICP-OES, (Perkin Elmer, Optima 4300 DV, A Analyst 300, Perkin Elmer). Right femurs were measured for bone mineral density (BMD) and bone mineral content (BMC) using Dual X-ray Absorptiometry (DXA). Femurs were tested for breaking strength by a three point bending method on a TA-XT2 Texture analyzer (Texture Technologies Corp., Scarsdale, NY). Femurs were brought to room temperature before breaking in the exact center using a test speed of 1 mm/s. Data were expressed as breaking strength (area under curve, kg X m), stiffness (slope kg/m), and peak force (kg at the peak). 45 Ca absorption was calculated as percent dose of 45 Ca in femurs of the oral group divided by percent 45 Ca in femurs of the IP group multiplied by 100. Total calcium intake was estimated from the food consumed in four days while in the metabolic cages plus the test dose of 25 mg calcium given in the gavage solution. Apparent minerals (calcium, magnesium, iron and zinc) absorption was calculated as intakefecal excretion for the last four days in the metabolic cages. Retention of the minerals was calculated as intake -(fecal + urinary excretion). Percent mineral retention was calculated as retention divided by mineral intake multiply by 100. Diet samples were analyzed for mineral composition by ICP -OES.
Statistical Analysis
Data are presented as means ± SD. One way analysis of variance (ANOVA) and Tukey analyses as posthoc were used to determine significant differences at p<0.05 (SAS, Carey, NC).
RESULTS
Body Weight, Weight Gain, Femoral Weight
Food intake was greater (p<0.05) in rats fed resistant starch compared to rats fed the control diet ( Table 2) . Initial and final body weights, weight gains, and femur weight and length were similar for all three groups.
Metabolic Balance Study
Rats fed resistant starches in their diets consumed significantly more food, and hence more Ca and other minerals, Cornstarch was replaced by *RS2 (60% resistant starch) and **RS3 (55% resistant starch) to provide 5% as resistant starch.
compared to the control group ( Table 3) . Both apparent absorption and retention of Ca, Mg and Zn but not Fe (p<0.05) was increased in groups fed resistant starches. When corrected for increased food intake by calculating retention as percent intake, the difference among the groups disappeared ( Table 3 ).
Bone Mineral Analysis
Calcium, Mg and Zn content of the femurs in the group fed RS3 was increased by 12%, 10% and 9% respectively compared to rats fed RS2 or the control diet (p<0.05). Rats fed RS3 had reduced Fe content in bones compared to the control group (p<0.05) but no difference compared to the group fed RS2 ( Table 4) .
No significant difference was observed among the groups in bone mineral density (BMD) in any region of the femurs (proximal, central or distal); however, a trend towards an increase in bone mineral content (BMC) was found in the proximal region (p<T=0.086) of rats fed RS3. Distal and central regions were not different among the groups ( Table  5 ).
Breaking Strength Measurements
No difference was found among the groups fed control, RS2 or RS3 diets in the breaking strength of femurs in any of the parameters, i.e., maximum force, gradient or area (data not shown).
45 Ca Analysis
There was no significant difference in 45 Ca absorption capacity among rats fed control or resistant starch diets for 4 weeks. 45 Ca absorption capacity averaged 60.5±9% for the Mean ± SD, (n=13/group); Different letter superscripts within a row represent significant group mean differences at p<0.05. § Before putting in the metabolic cages, these rats were fed for 24 days on their respective diets. § § Mineral absorption, retention and %retention are explained in the Section "Statistical Analysis". control group, 60±6% for rats in the RS2 group, and 59±6 % for rats in the RS3 group.
DISCUSSION
This is the first report of the effect of resistant starches, RS2 and RS3, at 5% of the diet on mineral absorption in rats fed the recommended levels of dietary calcium (0.5%). Rats fed resistant starches consumed significantly (P<0.05) more food than rats on the control diet, yet the increased consumption did not result in increased weight gain ( Table 2 ). These observations are consistent with other studies where diets containing resistant starch or dietary fiber have reduced energy absorption [14] [15] [16] . Significant reduction of postprandial glycemia and insulinemia accompanied with reduction in subjective sensation of satiety in humans have been shown [15, 17, 18] . However, no [19] or a small effect of resistant starch on appetite has also been reported [20] .
In our study, apparent absorption of Ca, Mg, and Zn, but not Fe was increased, by feeding RS2 and RS3 to rats. However, group differences disappeared when adjusted for intake differences as % retention. Shultz et al. [21] and Hijene et al. [22] found that only RS2, but not RS3, increased Ca and Mg absorption in rats. Similarly, RS2 enhanced apparent Ca, Mg, Cu, Fe and Zn absorption in rats fed either high amylose cornstarch or raw potato starch [23] . In contrast, in a human study [24] that fed green banana flour to ileostomy patients, RS2 did not change the apparent absorption of Ca, Mg, Zn, K or Na while increased Fe excretion. RS2 enhanced Ca and Fe absorption in young piglets [25] but not in adult pigs [26] ; additionally, a reduction in both Ca and Mg absorption was observed on RS2 but not on RS3 in older pigs. These inconsistent results clearly hamper our understanding of the mechanism underlying the role of resistant starch on mineral absorption.
Some research suggests that resistant starch is fermented in the colon by colonic microorganisms producing short chain fatty acids thus resulting in proliferation of mucosa and lowering of the pH in lumen, therefore, enhancement of mineral absorption [23, 27, 28] . RS2 was reported [21, 29] to be more fermentable than RS3. In this case, we should have seen higher mineral absorption with RS2 compared to RS3. The lack of difference in mineral absorption on resistant starch (from raw banana flour) vs. control (cooked banana flour) in a human study [24] also counters that proposed mechanism. Yet Heijnen et al. [22] found that apparent, but not true absorption, of Mg was enhanced on RS2 compared to feeding RS3.
In the current study, no difference in percent retention between resistant starches and the control suggests no impact of possible mucosal proliferation or mucosal pH due to feeding of resistant startches. Furthermore, the lack of difference in the calcium absorption capacity from the diets, measured by % 45 Ca absorption, suggests no enhanced mineral absorption capacity through an adapted intestinal epithelium with mucosal cell proliferation and increased surface area as others have reported [10, 30] at the levels we fed. This is also supported by our earlier study where a nondigestible oligosaccharide (inulin as Synergy 1) was fed for three months to ovariectimized rats [31] . Calcium absorption capacity was not enhanced by chronic feeding of this fructooligosaccharide as determined directly using kinetic modeling (WIN-SAAM) of oral and intraperitoneal tracers of calcium ( 45 Ca). A positive effect of RS on bone Ca, Mg and Zn in the present study could be either due to its effect on mineral metabolism beyond absorption such as suppressing bone resorption or increased feed intake due to reduced caloric absorption. We previously found that Synergy 1 completely suppressed bone resorption, which was the largest effect that this nondigestible carbohydrate had on calcium metabolism in ovariectomized rats [31] . We did not measure bone resorption in the present study. While there was a trend toward increased BMC in proximal femur (p=0.06) in rats fed RS3 only; there was no significant difference between the groups in breaking strength of the femurs midshaft. This is likely due to the fact that dietary interventions tend to modify trabecular bone more than cortical bone [32] and the midshaft is primarily cortical bone. The role of resistant starch on Fe is not clear in the present study. Contrary to other studies in rats [23] and piglets [25] , apparent Fe absorption in the present study was not affected by either RS2 or RS3 yet bone Fe was significantly reduced on RS3 feeding. Unlike a previous human study [24] , we found no significant increase in Fe fecal excretion (data not shown). The possibility of an early enhancing effect of resistant starch on mineral absorption efficiency which adapts away over time with chronic feeding cannot be ruled out from our study as absorption was only measured after 4 weeks. Adaptation over time did not occur with Synergy [31] , but has been shown with lactulose [33] .
In summary, bone mineral content of Ca, Mg and Zn was enhanced by RS3, but not by RS2. Bone Fe was decreased by RS3, but not by RS2. Many questions remain on the role of RS on mineral metabolism. Discrepancies in results from different labs could be related to differences in study design including: a) amounts and sources of RS, b) animal models, c) feeding duration, d) mode of feeding (ad libitum vs. controlled feeding), and e) length of fasting time before sacrifice. For example, fasting for longer times such as overnight could diminish some of the fiber effect on the mucosal cell lining.
Most of the studies to date have been in rats. Future research should be conducted in humans because of the marked differences in the digestive microflora between the two species and the rate and type of short chain fatty acid production, with the subsequent effect on luminal pH. Raw starch is not a large part of the human diet. Mineralenhancing effects of starch may change with cooking as the starch transforms from native raw resistant starch to retrograded RS3.
